Upregulation of HDAC genes by demethylation after azacitidine treatment, and hence, a global reduction of histone acetylation could be one reason for resistance or incomplete clinical response to azacitidine. A previous study showed that expression of HDAC1 and HDAC3 increases after treatment of MDS cells with azacitidine. 15 Interestingly, we found that the gene encoding for the histone deacetylase enzyme HDAC4 became hypomethylated in MDS progenitor cells upon azacitidine treatment. Thus, it is possible that increased HDAC4 levels are contributing to the observed reduction of H3K27ac and H3K9ac.
Bone marrow angiogenesis in myeloma and its precursor disease: a prospective clinical trial In multiple myeloma (MM), increased angiogenesis of the bone marrow (BM) involves a complex interplay of proangiogenic and antiangiogenic molecules induced by plasma cells (PCs) within the BM microenvironment, with eventual balance tipped in favor of an 'angiogenic switch,' as the disease transitions to MM from preceding monoclonal gammopathy of undetermined significance (MGUS) and smoldering MM (SMM). 1, 2 The dynamic nature of angiogenesis can be exploited by highly active anti-myeloma agents, such as thalidomide, its derivatives, the immunomodulatory drugs (IMiDst) and proteasome inhibitors, which not only interfere with tumor vessel growth, but also cause significant regression of the tumor vasculature both in vitro and in vivo. Therefore, there is great interest in studying the role of angiogenesis in MM to define therapeutic targets, prognostic and predictive biomarkers, as well as monitor disease activity longitudinally.
In this prospective clinical trial, we evaluated 30 patients with MGUS, SMM and MM to comprehensively characterize the levels of angiogenesis from MGUS to frank malignancy. We compared angiogenesis using three parallel approaches: (i) BM microvessel density (MVD), (ii) dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) of lumbar vertebrae and (iii) serum panel of 17 angiogenic markers. Subjects (12 males and 18 females, with a median age 58.5 years) with Eastern Cooperative Oncology Group performance status of 0-2, diagnosed in accordance with standard criteria were included. 3 This study was approved by the National Cancer Institute Institutional Review Board; informed consent was obtained from every patient. Immunohistochemistry was performed on sections of B-Plus-fixed paraffin-embedded posterior iliac crest BM core biopsies using anti-CD34 (clone QBEnd 10, DAKO, Carpinteria, CA, USA) and anti-CD138 (clone B-A38, Cell Marque, Rocklin, CA, USA) antibodies on automated stainer according to manufacturer instructions. Stained slides were microscopically evaluated in a blinded manner and results reviewed by an experienced pathologist (IM; Figure 1 ). From the dynamic imaging data obtained with DCE-MRI, curves were generated to mathematically fit a two compartment pharmacokinetic model. 4 In this model, an injected contrast agent leaks into the extravascular, extracellular space at a rate predicted by the vessel's permeability and surface area. Angiogenic vessels would be expected to be very leaky and thus have a rapid forward leakage rate and back flow. Based on this, the kinetic parameters K trans (transendothelial transport of gadolinium from vascular compartment to the tumor interstitium (wash in)) and k ep (reverse transport of gadolinium back into the vascular space (wash out)) were calculated. Serum analysis included a panel of 17 vascular biomarkers (listed in Table 1A . Higher k ep and MVD were seen in MM/SMM vs MGUS patients (k ep median 7.1 vs 3.9; P ¼ 0.08; MVD median 20.30 vs 15.00; P ¼ 0.01; Table 1B ). MVD and k ep were moderately strongly correlated in all patients (r ¼ 0.59; P ¼ 0.001). K trans was weakly-to-moderately well correlated with MVD (r ¼ 0.43; P ¼ 0.03). Circulating levels of Ang2 (P ¼ 0.02), granulocyte-colony stimulating factor (G-CSF; P ¼ 0.06), follistatin (P ¼ 0.06), hepatocyte growth factor (HGF; P ¼ 0.01) and vascular endothelial growth factor-A (P ¼ 0.02) were elevated in MM/SMM patients in comparison to MGUS (Table 1B) . The levels of HGF (r ¼ 0.45; P ¼ 0.02), Ang2 (r ¼ 0.37; P ¼ 0.06) and VEGFD (r ¼ À 0.36; P ¼ 0.07) were weakly-to-moderately well correlated with k ep . However, there was no correlation between any of the tested angiogenic biomarkers and MVD.
Our prospective clinical trial reaffirms and expands on the results from prior cross-sectional studies showing that the degree of angiogenesis, as determined by MVD, progressively increases from MGUS to SMM to MM. 5 Furthermore, we found a positive correlation between DCE-MRI vascular biomarkers (k ep and K trans ) obtained at lumbar spine, and BM MVD. These findings reflect that in the process of the augmentation of microcirculation from precursor to MM, the new sprouting blood vessels are accompanied with altered tumor vascular permeability. Our findings are in keeping with the concept of the angiogenic switch that supports MGUS as 'prevascular phases' of PC tumors, whereas the SMM and MM is the 'vascular phase'. 2 Although MVD remains an important tool to determine BM angiogenesis, there are several technical limitations of this method, such as inter-observer variability in counting vessels, and antibodies (for example, CD34, CD31, von Willebrand factor or CD105) used for immunostaining. Moreover, this method is inherently invasive and quite challenging for serial sampling, is location-dependent and cannot determine whether vascular flow is present or whether the vessel is hyper permeable. DCE-MRI, on the other hand, allows noninvasive quantification of altered diffusion, volume, and flow permeability characteristics of neovessels. DCE-MRI measured vascular parameters, k ep and K trans , in our study showed moderately strong correlation with MVD. Our findings have been substantiated in other studies. For example, Hillengass et al. evaluated DCE-MRI of the lumbar spine in 222 patients with MGUS, SMM and MM and 22 healthy controls. 6 They found a significant difference in k ep between normal controls vs SMM, normal controls vs MM and MGUS vs MM; one of their asymptomatic patients with increased k ep progressed within 6 months of imaging. Per study protocol, our clinical trial was designed to assess vascular markers at one time point only, so sequential information on changes in k ep and K trans after treatment or progression is not available. However, in another study, statistically significant reduction in k ep was noted post-treatment with thalidomide plus chemotherapy, but not after thalidomide alone. 7 Standardization of DCE-MRI biomarkers may be challenging, as these parameters are biophysical signals, unlike serological and histological biomarkers, which are analytes. Also the tumor vasculature is intrinsically heterogeneous; as a result, regions of interest may not be representative of changes occurring in response to disease progression or to antiangiogenic therapy in other parts. 8 Finally, DCE-MRI may not be feasible for some patient groups, especially for individuals with renal failure, implanted metallic devices or severe claustrophobia.
Angiogenic cytokines secreted by malignant PCs, BM stromal cells and endothelial cells are involved in angiogenesis. 9 In this study, we measured 17 serum biomarkers proposed to influence angiogenesis. We show that the levels of some (Ang2, G-CSF, follistatin, HGF and VEGF-A) but not all biomarkers were increased in MM/SMM patients in comparison to MGUS. In other studies, the levels of serum angiogenic markers such as VEGF and fibroblast growth factor (FGF)-2 were similar in different stages of MGUS and MM, and did not predict response to therapy. 10, 11 Several prior studies have looked at the correlation of angiogenic cytokines and MVD. In concordance with the results of our study, some of the studies 12, 13 did not find a significant association between MVD and angiogenic cytokines. 11, 14 On the other hand, Andersen et al. reported positive correlations between MVD and serum levels of syndecan-1 and HGF, but not with basic-FGF or interleukin-6. 15 Across studies there is variation in the type of markers, treatment status and methodologies, and although few biomarkers hold promise, none of them have the sensitivity or specificity to correlate adequately with MVD or predict disease progression. The correlation between DCE-MRI k ep and HGF, Ang2 and VEGFD in our study suggests that these angiogenic cytokines may be important for neovascular hyper-permeability, and hence further exploration.
Letters to the Editor Looking forward, as more sophisticated tools become available to identify early myeloma, and as more refined therapeutic options with decreased toxicity are available, we may be seeing a trend for earlier intervention before symptoms develop. Establishing biomarkers associated with progression from MGUS and SMM to MM and that can be effectively targeted therapeutically remains an important challenge. It is possible that Abbreviations: MGUS, monoclonal gammopathy of undetermined significance; MM, multiple myeloma; MVD, microvessel density; SMM, smoldering MM. MVD was estimated by determining the average number of CD34-stained microvessels in 10 areas of maximal MVD counted at a high-power field (h.p.f.; Â 500 magnification). Large vessels and vessels in the periosteum or bone were excluded. Areas of staining with no discrete breaks were counted as a single vessel. The presence of a lumen was not required. The MVD results were expressed as average number of microvessels per h.p.f. Three patients with MM did not undergo bone marrow biopsies and were not included in this analysis. Abbreviations: Ang2, angiopoietin 2; FGF, fibroblast growth factor; G-CSF, granulocyte-colony stimulating factor; HGF, hepatocyte growth factor; MGUS, monoclonal gammopathy of unknown significance; MM, multiple myeloma; MVD, microvessel density; SMM, smoldering MM; VEGF-A, vascular endothelial growth factor-A. The serum angiogenic markers included: Ang-2, bone morphogenetic protein (BMP-9), epidermal growth factor, endoglin, endothelin-1, FGF-1, FGF-2, follistatin, G-CSF, heparinbinding EGF-like growth factor, HGF, interleukin-8, leptin, placental-derived growth factor, VEGF-A, VEGF-C and VEGF-D. The assay was performed according to the manufacturer's protocol, and all samples were diluted 1:3. Cytokine values were calculated using a five-parameter standard curve with Bio-Plex Manager 6.1 (Bio-Rad, Hercules, CA, USA) and all values are reported as pg/ml. For one patient with SMM, serum was not available. Serum measures of endothelin-1 and FGF-1 were below the range of detectability, so these markers were excluded from analysis. , were measured at L3 vertebra (shown by asterisk). The mean k ep (shown by arrow) for patient with low vascularity is 2.16/min, and for patient with high vascularity is 13.6/min. MRI was performed on a 3-T MR system (Philips Achieva, Best, the Netherlands) with dedicated receiver only phased array coils. MRI consisted of sagittal T2-weighted turbo-spin-echo (TSE; TR/TE ¼ 3000/120 ms, slice thickness of 4 mm, 30 cm field of view and matrix of 248 Â 297) and T2-weighted spectral selection attenuated inversion recovery (SPAIR) sequences used to visualize the lumbosacral spine anatomically. Then, unenhanced sagittal T1-weighted images (TR/TE ¼ 6.4/2.3 ms, with 51 flip angle (FA), 4-mm-thick sections, 32 cm field of view and matrix of 124 Â 246) were obtained with a threedimensional spoiled gradient-echo sequence and the DCE-MR sequence (TR/TE ¼ 6.4/2.3 ms, FA 151, 4-mm-thick sections through the entire lumbosacral spine, 30 cm field of view and acquisition time of 15 s per phase, matrix of 124 Â 246) was obtained with a three-dimensional spoiled gradient-echo sequence at a sagittal plane. After three baseline unenhanced phases, an automatic injector (Medrad Spectris, Indianola, PA, USA) was used to intravenously infuse gadopentetate dimeglumine (Magnevist; Bayer Healthcare Pharmaceuticals, Wayne, NJ, USA) at 3 ml/s, for a total of 0.1 mmol per kg of body weight (typically 15-20 ml), followed by 20 ml normal saline flush. Total 23 phases were acquired at 30 s intervals for a total of 8 min. Abbreviations: DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; MVD, microvessel density; TE, echo time; TR, repetition time.
informative and accurate measurements of angiogenic biomarkers may prompt a clinician to initiate therapy sooner rather than later, or to decrease the surveillance interval of such patients with high-risk SMM or perhaps high-risk MGUS.
Per study design, the sample size of this study provided us with 80% statistical power to test our hypothesis. Our approach, including BM MVD, imaging vascular markers and multiplex serum angiogenic markers, provides the most comprehensive evaluation of angiogenesis in MM and its precursor states. In summary, the results of this study support the theory that the degree of angiogenesis, as determined by MVD, progressively increases from MGUS to SMM to MM. 2 Our findings indicate that functional information of tumor blood flow provided by DCE-MRI, in addition to the morphologic information provided by MVD, is a potential composite angiogenic end point for MM evolution that may be explored further. Angiogenic serum markers that can be assessed at multiple time points also need to be tested and validated in large, well-designed, prospective clinical trials before they are ready to be launched in the clinical setting.
